Heparin lyase I (heparinase I) specifically depolymerizes heparin, cleaving the glycosidic linkage next to iduronic acid. Here, we show the crystal structures of heparinase I from Bacteroides thetaiotaomicron at various stages of the reaction with heparin oligosaccharides before and just after cleavage and product disaccharide. The heparinase I structure is comprised of a ␤-jellyroll domain harboring a long and deep substrate binding groove and an unusual thumb-resembling extension. This thumb, decorated with many basic residues, is of particular importance in activity especially on short heparin oligosaccharides. Unexpected structural similarity of the active site to that of heparinase II with an (␣/␣) 6 fold is observed. Mutational studies and kinetic analysis of this enzyme provide insights into the catalytic mechanism, the substrate recognition, and processivity.
Heparin and heparan sulfate are linear, negatively charged polymers consisting of repeating units of 134-linked uronic acid (L-iduronic acid (IdoA) 4 and D-glucuronic acid (GlcA)) and glucosamine (1) . Heparin consists of a high proportion of IdoA (ϳ90%) and is highly sulfated. It is widely used as an anticoagulant based on its binding to antithrombin, leading to the accelerated inhibition of the blood coagulation cascade (2) . Heparin interacts with a variety of proteins, such as growth factors and chemokines, suggesting its relevance in various physiological and pathological processes (2, 3) .
Glycosaminoglycans in general, and heparin in particular, can be degraded by two mechanisms: hydrolysis and lytic elimination (4) . Glycosaminoglycan hydrolases, present in eukaryotes and prokaryotes, break the glycosidic bond to the nonreducing end of the glucosamine, whereas glycosaminoglycan lyases, found only in prokaryotes, break the glycosidic linkage to the nonreducing end of uronic acid (5) . The lyases that cleave chondroitin sulfate and hyaluronan have been extensively studied, structurally and biochemically. All of these lyases share a common fold, (␣/␣) 5 barrel, and antiparallel ␤-sheet, and have similar catalytic mechanisms (6 -8) . In contrast, dermatan sulfate (chondroitin B) lyase has a completely different fold as a parallel ␤-helix, similar to pectate lyases, and employs very different catalytic machinery (9) .
The eliminative depolymerization of heparin/heparan sulfate affording unsaturated oligosaccharide products is carried out by three families of enzymes (10) . Their primary sequences show no recognizable similarity, and they have distinct specificities (11) . Thus, heparinase I is specific for heparin cleaving the glycosidic linkage to the nonreducing end of IdoA, heparin lyase III (heparinase III) cleaves the heparan sulfate next to glucuronic acid, and heparin lyase II (heparinase II) can depolymerize both of these substrates (see Fig. 1A ). Structural information on the heparin degrading enzymes is limited to the Pedobacter heparinus (formerly Flavobacterium heparinum) heparinase II, which adopts an overall fold similar to chondroitin and hyaluronan lyases (12) . Heparinases recently have been used to identify a contaminant in commercial heparin that caused multiple deaths (13) .
To determine whether there is a structural similarity between heparinase I and other lyases and to augment our understanding of substrate specificity, catalytic mechanism, and processivity, we determined the structure of Bacteroides thetaiotaomicron heparinase I in a free state (two crystal forms) in a complex with heparin disaccharide product (HE 2 ), tetrasaccharide substrate (HE 4 Ј,cleaved by the enzyme), and a H151A-inactive mutant with a dodecasaccharide (HE 12 ) substrate.
EXPERIMENTAL PROCEDURES
Cloning and Site-directed Mutagenesis-A genomic DNA was isolated from the B. thetaiotaomicron strain WAL2926 (Korean Culture Center of Microorganisms), and the gene coding for heparinase I was obtained by PCR from genomic DNA using the forward primer 5Ј-AAGGATCCCTGACTGCTCA-GACTAAAAATACGC-3Ј and the reverse primer 5Ј-TTGAA-TTCTATTATCTTTCCGAATATC-3Ј. The amplified PCR products were inserted into two different vectors: the pelBremoved pET22b plasmid (Novagen) treated with the NdeI/ XhoI restriction enzyme that resulted in heparinase I with LeuGlu-His 6 at the C terminus and the pET15b (Novagene) derivative that contained an N-terminal His 8 tag followed by a tobacco etch virus protease cleavage site. The final plasmids were verified by DNA sequencing.
Single amino acid mutants were made using the QuikChange site-directed mutagenesis kit (Stratagene), following the manufacturer's protocol. In tip deletion (⌬191-213) and thumb deletion (⌬156 -221) mutants, the deleted segment was replaced by Gly-Gly-Ser tripeptide. For the activity assay, all of the mutants and deletion mutants were prepared using Ni-NTA resin (Qiagene) as centrifugation method.
Protein Expression and Purification-The recombinant heparinase I and its mutants were expressed in Escherichia coli BL21(DE3) cells, and protein expression was induced by 0.2 mM isopropyl ␤-D-1-thiogalactopyranoside at an A 600 of 0.6, and the incubation temperature was decreased from 37°C (used for bacterial growth prior to induction) to 20°C. After overnight growth, the cells were harvested by centrifugation at 2,700 ϫ g for 20 min at 4°C and stored at Ϫ20°C in 50 mM HEPES, pH 7.0. Selenomethionine (SeMet)-labeled heparinase I was expressed in methionine auxotroph DL41(DE3) and B834(DE3) cells (Novagen) grown at 20°C overnight.
Two different heparinase I constructs (see above) were purified in different ways. Frozen cells were resuspended in lysis buffer (50 mM HEPES, pH 7.0, 150 mM NaCl, 5 mM ␤-mercaptoethanol, 1% Triton X-100, 1 mM benzamidine, and 20 mM imidazole) and disrupted by intermittent sonication on ice water. The lysate was separated from debris by centrifugation at 32,500 ϫ g for 45 min at 4°C. The cleared supernatant was applied onto 3 ml of Ni-NTA beads (Qiagen) pre-equilibrated with 20 ml of lysis buffer and washed two times with 10 column volumes buffer A (50 mM HEPES, pH 7.0, 150 mM NaCl, and 5 mM ␤-mercaptoethanol); heparinase I was eluted with buffer A containing 300 mM imidazole, and dialyzed against buffer A. The His tag was cleaved by overnight incubation with tobacco etch virus protease at an ambient temperature (protein:tobacco etch virus molar ratio of 200:1) and removed by passing the protein trough a 1-ml Ni-NTA column. Recovered protein was loaded onto an HR 10/10 Mono S cation exchange column (Amersham Biosciences). The column was washed twice (50 mM and 125 mM NaCl, 2 column volumes), and a 125-250 mM linear NaCl gradient was applied. Heparinase I eluted at ϳ0.17 M NaCl. Heparinase I-containing fractions were pooled and concentrated, using a Centricon YM-100 (Millipore Corp.), to 17 mg/ml. The cell pellets were resuspended in buffer A (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 10 mM imidazole) and lysed by sonication. The soluble crude extract was applied to a HisTrap (GE Healthcare) column, which was pre-equilibrated with buffer A and washed with 12 column volumes of buffer A. Heparinase I was eluted with buffer B (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 60 mM imidazole). The eluant was concentrated by ultrafiltration (Millipore) and loaded on a Superdex 75 16/60 gel-filtration column (GE Healthcare) pre-equilibrated with 20 mM Bis-Tris buffer, pH 5.5, 200 mM NaCl, and 1 mM dithiothreitol. Fractions containing heparinase I were collected and concentrated to 22 mg/ml in 20 mM Bis-Tris buffer, pH 5.5, 200 mM NaCl, and 10 mM dithiothreitol using an Amicon Ultra-4 filter unit (Millipore). SeMet-labeled heparinase I was purified as described above for the wild type heparinase I.
Crystallization and Data Collection-Orthorhombic heparinase I crystals were obtained from the Qiagen Classics II suite using a sitting drop setup. Heparinase I, at 17 mg/ml, was mixed at a 1:1 ratio with the reservoir solution. Crystals appeared over reservoir containing 0.1 mM HEPES, pH 7.5, and 25% polyethylene glycol 3350 (w/v). Optimization using the hanging drop method led to the best crystals obtained from reservoir solution containing 22.5% PEG 3350, 0.1 M Tris-HCl, pH 7.0, and 0.8 mM CaCl 2 . The crystals were cryoprotected using ethylene glycol at final concentration of 21% (v/v) and flash cooled in nitrogen stream at 100 K. For native heparinase I data extending to 1.3 Å resolution were recorded at a wavelength of 0.9800 Å using a MAR CCD 300-mm area detector at the Southeast Regional Collaborative Access Team beamline, Advanced Photon Source, Argonne National Laboratory. SeMet crystals were grown under the same conditions and were isomorphous to the native crystals. The SeMet-labeled crystals diffracted to 1.4 Å at the selenium absorption peak ( ϭ 0.9793 Å), and the data were recorded in the same manner as the native data. To obtain enzyme-substrate/product complex, the crystals were soaked for 5-10 min in a solution containing 21% ethylene glycol (v/v) and 5 mM heparin tetrasaccharide (2-sulfo-IdoA-␤(134)-2,6-disulfo-GlcN) 2 . Diffraction data extending to 1.3 Å resolution were recorded as described above.
Different crystallization conditions led to a monoclinic crystal form of heparinase I. Initial crystals were obtained using the sitting drop vapor diffusion method at 20°C, with heparinase I concentrated to 22 mg/ml with 0.1 M citrate buffer, pH 5.5, and 2.0 M ammonium sulfate as mother liquor. These crystals were reproduced by the hanging drop vapor diffusion method and used for data collection. The crystals were soaked in cryoprotectant solution containing 20% glycerol and were flash-cooled in liquid nitrogen. SeMet-labeled heparinase I crystals were obtained under the same conditions. To obtain ligand complex structure, 10 mM disaccharide heparin (HE 2 ) and 6 mM dodecasaccharide heparin (HE 12 ) were incubated with the native heparinase I and heparinase I-H151A mutant, respectively. The HE 2 complex crystals were obtained in 22% glycerol, 20% PEG 1500, and 10 mM sarcosine. HE 12 complex crystals were obtained in 10% glycerol, 8% PEG 1500, and 10 mM sarcosine. X-ray diffraction data of native and ligand complex crystals were collected using the ADSC Quantum210 CCD detector at Pohang Accelerator Laboratory beamline 4A (Pohang, Korea).
SeMet-labeled heparinase I multiwavelength anomalous dispersion method diffraction data sets were collected using a Bruker AXS Proteum300 CCD detector at Pohang Accelerator Laboratory beamline 6B (Pohang, Korea). All data sets were integrated and scaled using HKL2000 (14) , with the data collection statistics summarized in Table 1 .
Structure Determination and Refinement-The structure of heparinase I of orthorhombic was solved by single wavelength anomalous dispersion method (15) . A total of six selenium sites were located using the program SHELXD (16) . The refinement of heavy atom sites and solvent flattening were performed using SHARP (17) . The initial model was built with COOT (18) and refined with REFMAC5 (19) against the single wavelength anomalous dispersion data set, and the final model was refined against the native data set extending to a higher resolution. A strong peak in the electron density was interpreted as a Ca 2ϩ ion based on the ligand geometry and reasonable B-factors. Refinement at 1.3 Å resolution for native heparinase I, and 1.5 Å resolution for heparin-soaked heparinase I converged with an R-factor/R-free of 0.185/0.208 and 0.174/0.206, respectively, with one monomer in the asymmetric unit consisting of residues 3-376 and one bound Ca 2ϩ . The native model also contained four molecules of ethylene glycol and 405 water molecules ( Table 1 ). The heparinase I heparin soak model contained five molecules of ethylene glycol and 328 water molecules. Residue 326 is disordered in the native structure, and residues 324 -329 are disordered in the above-mentioned data sets, hence they were not modeled.
The structure of the monoclinic form of heparinase I was solved by multiwavelength anomalous dispersion method using the programs Solve (20) and Resolve (21) . The initial model was built with COOT (18) and refined with REFMAC5 (19) . The refinement of two structures of the heparinase I-ligand complex such as HE 2 and HE 12 were performed using REFMAC5 (19) and CNS (22) . All final models were validated by PRO-CHECK (23) . X-ray data collection and refinement statistics are given in Table 1 .
Activity Assay-Heparinase activities were determined by measuring the formation of the C4 -C5 double bond at the nonreducing end of heparin products indicated by the absorption at 232 nm. The reaction was performed with 2 g of heparinase I and various lengths of heparins (from tetramer to dodecamer, and low molecular weight heparin with an average molecular weight of 5,700 as 20-mer) as substrate in a concentration range of 50 -150 M in 1 ml of reaction buffer containing 20 mM Tris-HCl, pH 7.5, 200 mM NaCl, and 10 mM CaCl 2 . Activity of the wild type and all the described mutants were compared under the same condition. Kinetic constants of wild type heparinase I and tip deletion mutant (⌬191-213) were measured for heparin 20-mer, hexamer, and octamer. The kinetic parameters were derived from initial velocities obtained at six to seven different concentrations (10 -45 M) for wild type and five to seven concentrations (70 -350 M) for tip deletion mutant (⌬191-213) of low molecular weight heparin, hexamer, and octamer. The kinetic parameters (K m , V max , and k cat ) were calculated based on the Lineweaver-Burk equation (10, 24) .
Isothermal Titration Calorimetry-To determine the binding affinities of heparinase I-H151A (full-length) and deletion mutants, ⌬156 -221 (thumb deletion) and ⌬191-213-H151A (tip deletion), we performed calorimetric titrations using a VP-isothermal titration calorimeter (VP-ITC) (MicroCal) at 15°C and processed the data with MicroCal Origin 7.0 software. The proteins and heparin oligosaccharides were individually buffer-exchanged into an identical lots of reaction buffer (25 mM Tris, pH 7.5, 200 mM NaCl, and 1 mM dithiothreitol) using dialysis overnight. Then, proteins and heparin oligosaccharides were degassed for 15 min. For titration, heparin substrates were added to the enzyme and its mutants in 30 consecutive aliquoted injections until the proteins were saturated with ligand.
RESULTS AND DISCUSSION
Three-dimensional Structures of Heparinase I and Its Complexes at Various Stages of the Reaction-The three-dimensional structures (apo, HE 12 , HE 4 Ј, and HE 2 complexes) of heparinase I were determined at 1.4 ϳ 2.0 Å resolution by x-ray crystallography (Table 1) . Heparinase I is composed of a ␤-jellyroll domain made of two concave ␤-sheets (eight antiparallel ␤-strands each) that have a glucanase fold (SCOP database; Ref. 25 ) and the thumb-like insertion domain (thumb domain, residues 156 -221) extending from one side of the ␤-jellyroll (Fig.  1B) . A smaller extension forms an ⍀ loop (residues 92-118) with an embedded ␣-helix. The thumb domain has an unusual shape with a base formed by five short antiparallel ␤-strands flanked by an ␣-helix and extended to the side by a triangular arrangement of two long and one short strands (Fig. 1C) . This domain represents a new fold not observed previously. The same shape and orientation of the thumb domain is seen in two crystal forms with very different packing, indicating that despite the appearance of flexibility, this domain is relatively rigid. The inner sheet of the ␤-jellyroll is strongly curved, forming a long extended canyon that traverses the ␤-strands. This canyon is highly positively charged and provides a binding site for heparin. Moreover, the thumb domain is also positively charged, predominantly on the side facing the canyon, and appears to facilitate binding of a negatively charged heparin ( Fig. 2A) (Fig. 1D) . To visualize the dynamics of heparinase I during catalytic cycle, we have captured the enzyme at various stages of the reaction. The heparinase I(H151A)-HE 12 complex shows how an extended heparin substrate binds to the enzyme within the positively charged canyon (Fig. 2A) . The second complex shows a tetrasaccharide substrate just after cleavage of the glycosidic linkage. Finally, the third complex shows one of the products bound to the enzyme at the negative "Ϫ" subsites (26) .
Dodecasaccharide Substrate-Eight sugar units of the dodecasaccharide substrate could be fitted well in electron density map, and the electron density was especially well defined for the hexasaccharide occupying subsites Ϫ2 to ϩ4 (with cleavage taking place between the Ϫ1 and ϩ1 sugar) (Fig. 2B) (26) . The substrate binding involves many direct and water-mediated hydrogen bonds between the sulfate groups and the basic side chains within the canyon. The free hydroxyl groups of sugars in subsites ϩ2, ϩ1, and Ϫ1 are also hydrogen-bonded to the enzyme. The acidic groups at subsites ϩ3, ϩ1, and Ϫ2 are involved in hydrogen bonds to the side chains. Of these, the carboxylic group at ϩ1 sugar is the most tightly bound, forming two H-bonds to the side chain of Gln 149 and a third to the side chain of Arg 83 . No stacking between the aromatic residues and the sugar rings is observed, which is rather unusual for the carbohydrate binding sites. Instead, Tyr 226 is wedged perpendicularly against the hydrophobic surface of the Ϫ1 sugar ring. The ␤-sheet of the thumb domain participates in substrate binding in the positive "ϩ" subsites through Lys 185 and Gln 223 . To fit into the enzyme's binding site, the long polysaccharide has to adjust its conformation. First, the chain makes a tight 90°b end centered at GlcNAc in the ϩ2 subsite (Fig. 3A) . This bending is necessary to accommodate an extended chain and allow the ϩ3 and ϩ4 sugars to emerge on the protein surface. The second feature is the higher energy twist conformation assumed by the sugar ring in the Ϫ2 subsite (28) . This conformation allows the Ϫ3 sugar to emerge to the protein surface at the other end of the canyon (see below), as is illustrated by the surface representation of heparinase I (Fig. 2A) . Several oligosaccharide degrading enzymes acting either by hydrolytic (e.g. lysozyme) or lyase (e.g. chondroitinase AC and chondroitinase B) mechanisms are known to force the substrate to bind with the key sugar ring in an energetically less favorable non-chair conformation. It is thought that imposing strain on the bound substrate lowers the energy barrier of the transition state (29, 30) . Heparinase I also utilizes this mechanism but for a different reason. When the enzyme binds a long polysaccharide chain in the middle (endolytic cleavage), it forces a non-chair conformation on a sugar ring in the Ϫ2 subsite that allows the remainder of the chain on the nonreducing end to reach the surface (Fig. 3A) .
Upon binding of the long HE 12 polysaccharide, the lid-forming loops move slightly toward the substrate, and the thumb domain rotates forward by 11°around the hinge located near Asp 155 (Fig. 4) , together creating a tighter fit as compared with other complexes. The movement of the thumb is much smaller for shorter substrates, indicating a role of the thumb domain in binding long polysaccharides. Moreover, the lid loop Glu 73 -Thr 80 covering the Ϫ subsites, which is partially disordered in the apo structure of the orthorhombic form, becomes well ordered in the structures of heparinase I-oligosaccharide complexes (also ordered in the apo heparinase I in the monoclinic form), suggesting that its mobility plays an important role in substrate binding and product release.
Tetrasaccharide Just after Cleavage-The structure of a cleaved tetrasaccharide bound to heparinase I shows that the breaking of the glycosidic linkage does not require significant movement of the substrate in subsites ϩ2, ϩ1, and Ϫ1. The sugar ring in the ϩ1 subsite (unsaturated uronic acid, ⌬UA) is now unsaturated, containing a C4 -C5 double bond, and, consequently, the ring assumes a half-chair conformation (Fig. 1A) . The distance between the C4 of ⌬UA in the ϩ1 subsite and the new O1 of GlcNAc in the Ϫ1 subsite increases from the bond length of 1.4 Å to a distance of 2.8 Å, resulting in only a small movement of these sugars with the preservation of hydrogen bonds and van der Waals contacts (Fig. 3, A and B) . Interestingly, unlike in the bound dodecasaccharide, the sugar in the Ϫ2 subsite is in the energetically favorable chair conformation, and the sulfate group occupies a different side niche of the binding site as compared with the same sugar in a dodecasaccharide (Fig. 3, A and B) . The conformation observed in the tetrasaccharide, while energetically favored, is not compatible with a longer polysaccharide because the next sugar unit attached to the ring in this conformation would collide with the sides of the canyon. This example clearly shows that the conclusions reached from investigating shorter oligosaccharide substrates may not be fully transferable to a longer polysaccharide due to the "end effects." Moreover, the electron density for the product in ϩ subsites is significantly weaker than for the Ϫ subsites, suggesting substantially lower occupancy of this site (see below). This observation would be in agreement with the model where, after breaking the bond, the product on the reducing end of the polysaccharide and occupying the ϩ subsites leaves first.
Disaccharide Product-The structure of heparinase I with the product captured in the monoclinic crystal form shows two bound disaccharides (Fig. 3B) . The first binds in the Ϫ1 and Ϫ2 subsites overlapping very well on the corresponding sugars in the other complexes. The second disaccharide is bound in the general area of ϩ2 and ϩ3 subsites, but in the reverse direction to that of the substrate, does not overlap well with the dode- casaccharide and represent fortuitous binding to an open site. This is another indirect indication that the binding to the Ϫ subsites is stronger, with the product occupying the ϩ subsites leaving first. Catalytic Properties of Heparinase I-To determine whether the enzyme has a preference for the length of the polysaccharide substrate, we performed enzymatic assays and kinetic analysis of heparinase I with various length of heparin polysaccharides. The enzyme requires a minimum of six sugar units for efficient catalysis and has an overall preference for longer polysaccharides (data not shown). The kinetic data show that the k cat /K m for the 20-mer substrate is ϳ4.5 times higher than that of the hexasaccharide. The longer polysaccharide shows lower k cat , but this is compensated by a 12-fold lower K m ( Table  2 ). The effect on binding was confirmed by isothermal calorimetry, which showed that the K d of heparinase I(H151A) for heparin 20-mer is also ϳ12-fold lower than for the hexasaccharide (Fig. 5, B and C) . Interestingly, for both the wild type and tip deletion mutant (⌬191-213), the k cat for the hexameric substrate is ϳ3-fold higher than that of the 20-mer substrate. We rationalize that this is related to a slightly better positioning of the sugars of the hexasaccharide in the active site due to smaller steric effects (see above). The action pattern of heparinase I on a long polymeric substrate investigated using polyacrylamide gel electrophoresis and liquid chromatography-mass spectroscopy shows an endolytic pattern with a processive bias (data not shown).
Thumb Domain-The unusual shape of the thumb domain extending from the main body of the enzyme prompted us to investigate whether this domain is important for heparinase activity and substrate binding (see supplemental Fig. S1 ). To this end, we have constructed a deletion mutant, ⌬156 -221 (thumb deletion) (Fig. 1B) . The mutant is well folded and retains the secondary and tertiary structure as verified by CD (data not shown) and NMR spectroscopy (supplemental Fig.  S2 ). However, the thumb deletion mutant has lost its Ca 2ϩ ion (analyzed by inductively coupled plasma mass spectrometer (ICP-MS), data not shown) and showed no detectable degradation of heparin (Fig. 5A) . Isothermal calorimetry experiments showed that this results from the loss of its ability to bind heparin oligosaccharides and confirmed the role of the Ca 2ϩ ion in organizing the residues that participate in substrate binding.
Tip of the Thumb-Next, we have constructed a smaller deletion ⌬191-213 (tip deletion), where only the triangular tip of the thumb domain was removed, which we argued should not affect Ca 2ϩ binding (Fig. 1B) . Indeed, this tip deletion mutant retained the Ca 2ϩ ion (analyzed by ICP-MS) and bound long heparin polysaccharide with a K d indistinguishable from the wild type enzyme (Fig. 5B) . However, binding of a heparin hexasaccharide to this tip deletion mutant is significantly impaired (Fig. 5C ). Kinetic analysis shows that the catalytic efficiency of this mutant is substantially worse than the wild type enzyme. The tip deletion mutant was ϳ380-fold less active on heparin 20-mer than the wild type enzyme and as much as ϳ480-fold less active on the hexasaccharide substrate (k cat /K m , Table 2 ). These results demonstrate the crucial role of the tip region for enzyme activity.
To explain this essential role of the thumb that is relatively distant from the active site, we calculated the electrostatic potential of heparinase I and of the tip deletion mutant. The striking feature of wild type heparinase I is a strong positive electrostatic field extending over the entry to the binding site ( Fig. 6A ). This suggests that the electrostatic field significantly contributes to the affinity of the negatively charged substrate. Deletion of the tip dramatically decreases the electrostatic field (Fig. 6B) , and we propose that the decrease of both K d and K m for short oligosaccharide substrates (hexasaccharide) results from the loss of this positive electrostatic field.
Proposed Model for Catalysis-Ten site-directed mutants (Q22A, R83A, Q149A, H151A, R156A, K185A, Q223A, K252A, K353A, and Y357A) in contact with the central segment of the dodecasaccharide were examined for their heparin-degrading activity to clarify their roles in catalysis (Fig. 5A ). Of these, five mutants (R83A, Q149A, H151A, K353A, and Y357A) lost completely the ability to degrade heparin. Combining the structural and mutational data, we propose the following events leading to catalysis (Fig. 7A) . The neutralization of the carboxylate group of IdoA at the ϩ1 subsite is accomplished by its interaction with Gln 149 and Arg 83 (32) . The two hydrogen bonds that are formed with Gln 149 suggest neutralization of the negative charge on the carboxylate (C6 position) of the IdoA by Gln 149 , which may result in resonance stabilization of the enolate form lowering the pK a of the C5-bound hydrogen (32, 33) . Lys 353 also makes a charge interaction to the sulfate of GlcNAc in the ϩ2 subsite and an additional interaction to the carboxylate group of ⌬UA in the ϩ1 subsite in the HE 4 Ј complex structure (Fig. 7B) . The role of the general base, abstracting the C5 proton, is played by His 151 (32) . The histidine side chain faces the C5 proton of IdoA in the ϩ1 subsite and its N⑀2 atom is ϳ3.0 Å away from the C5, collinear with the C5-H-bond (ϳ2 Å from the proton). Proton abstraction leads to a ␤-elimination of the 134 glycosidic linkage with the concomitant formation of a C4 -C5 double bond in the ⌬UA at the nonreducing end (34) . Finally, the hydroxyl group of the Tyr 357 makes a hydrogen bond to the oxygen in the glycosidic linkage in HE 12 complex structure and the C1 hydroxyl group of the Ϫ1 subsite GlcNAc in the HE 4 Ј, complex structure, respectively. Tyr 357 assumes the role of a general acid donating a proton to the O Ϫ leaving group of a glucosamine and reconstituting the hydroxyl group at the reducing end (32, 33) . For Tyr 357 to function as a general acid to donate a proton, its pK a must lowered by the local environment. We postulate that Lys 81 , which makes a hydrogen bond to Tyr 357 , reduces the pK a of the tyrosine (35) .
Convergence of Catalytic Machinery of Heparinases I and IIDespite the lack of detectable sequence similarity between heparinase I and alginate lyases belonging to two distinct sequence families, PL-13 and PL-7 (CAZy database; 36), they share a similar fold and utilize a similar catalytic mechanism (37). However, the structure of heparinase I contains several long insertions as compared with the more compact structures of alginate lyases (37) , including the thumb domain, a Like heparinase I, heparinase II is able to depolymerize heparin. The structure of P. heparinus heparinase II recently has been determined (12) . Its overall architecture is very different from that of heparinase I, with the catalytic domain being an (␣/␣) 5 -incomplete toroid, topologically very similar to chondroitin sulfate and hyaluronan lyases and sharing with them the main features of the catalytic site. A completely different fold of heparinases I and II led to the expectation of rather different active site constellations. However, a close comparison of these two enzymes uncovers striking similarities in the arrangement of their catalytic residues (Fig. 8) The proposed roles of these residues were supported by the mutation study (Fig. 5A) . Therefore, these two structures represent a clear example of the convergence of two folds toward the same catalytic site and very similar enzymatic mechanism.
In conclusion, we have determined the structure of heparinase I with its ligands at various stages of the reaction demonstrating the three-dimensional structural snapshots of heparin depolymerization. Together with the mutational study and kinetic analysis of this enzyme, our investigation provides insights into the catalytic mechanism and insight into substrate recognition and processivity. We have also showed that, in contrast to a short tetrasaccharide substrate, binding of a longer oligosaccharide substrate to heparinase I is associated with a chair-to-twist conformational switch of the sugar in the Ϫ2 subsite.
